We performed multifractal analysis of fetal heart rate (FHR) variability in fetuses with and without acidosis during labor. Multifractal analysis was performed on fetal electrocardiograms in 10-minute sliding windows within the last 2 hours before delivery in 45 term fetuses divided in three groups according to umbilical arterial pH and FHR pattern: group A had pH !7.30 and normal FHR, group B had pH !7.30 and intermediate or abnormal FHR, and group C had acidosis (pH 7.05) and intermediate or abnormal FHR. Six multifractal parameters were compared using Wilcoxon rank sum test. Multifractal parameters were significantly different between the three groups in the last 10 minutes before delivery (p <0.05). Two parameters (h min , zeta(2)) exhibited a significant difference 70 minutes before delivery, and one parameter (C 2 ) was different 10 minutes before birth (p <0.05). Multifractal parameters were significantly different in acidotic and nonacidotic fetuses, independently from FHR pattern.
KEYWORDS: Acidosis, fetal heart rate, labor, multifractal analysis, variability Fetal surveillance during labor is essential to reduce neonatal mortality and morbidity due to per partum asphyxia. Continuous fetal heart rate (FHR) monitoring is a useful screening test with high sensitivity to detect fetal asphyxia with metabolic acidosis and cerebral palsy. Conversely, its low specificity justifies efforts to develop additional tests to help identifying false-positive tests of FHR visual analysis. 1, 2 Complementary methods, such as fetal scalp pH and lactates, fetal electrocardiogram (ECG) ST segment analysis, and T/QRS ratio (STAN 1 ; Neoventa Medical, Moelndal, Sweden), have been shown, at the best, to modestly reduce fetal metabolic acidosis and rate of operative deliveries. [3] [4] [5] [6] As FHR with reduced or absent variability is one of the most significant parameters to predict the development of fetal acidosis, 2, 7 some researches focused on FHR variability analysis. Objective measurement of heart rate variability can be performed with different methods like computerized analysis based on statistical description (i.e., the well-known short-and long-term variabilities), spectral analysis, entropy, and fractal approaches. 8 studies, based on these statistical tools, focused on FHR variability analysis during labor to detect hypoxia or acidosis, with variable results. [16] [17] [18] [19] [20] [21] Multifractal analysis is a recent technique that aims at providing detailed and elaborated analysis of data variability, particularly adapted for characterization of nonstationary and complex signals like FHR. 22, 23 Although variability is clinically analyzed by considering the largest difference in data (referred to as ''oscillation'') observed within a sliding time window of a priori chosen size (usually 1 minute), multifractal analysis focuses on characterizing the evolution of the variability measured in a collection of windows of different growing sizes, within a relevant range that is a posteriori and adaptively determined by the method itself. 14, 15, 22, 23 In experimental studies, multifractal properties have been shown to be closely related to the cardiovascular control mechanism, and it has been demonstrated that multifractal properties could be used to quantify the autonomic nervous system activity. 12, 22, 23 Autonomic nervous system activity physiologically varies according to baroreflex and chemoreflex stimulation and central nervous system response, and is largely responsible for heart rate variability. 24 Hence, multifractal analysis, in addition to regular FHR monitoring, may be a promising new approach to objectively evaluate FHR variability. Therefore, we conducted a pilot study to explore and compare multifractal parameters of heart rate variability in a population of fetuses with and without acidosis during labor, presenting with different FHR patterns.
METHODS

Patient Selection
Cardiotocographic recordings were collected in the Department of Obstetrics at the public academic hospital Femme-Mère-Enfant (Bron, France) between 2000 and 2007. FHR monitorings were recorded during labor with either a STAN S21 or a STAN S31 monitor and collected in a large database. The first 45 consecutive patients meeting the inclusion criteria were included, until each group was composed of 15 patients (see below). Inclusion criteria were low-risk pregnancy, gestational age between 37 and 42 weeks, recording lasting more than 30 minutes that was not stopped more than 30 minutes before delivery and having less than 10% missing data, with umbilical artery pH and neonatal outcome documented. Forty-five patients were selected by the first author (M.D.) according to umbilical cord pH and FHR pattern (based on the ''Three-Tier Fetal Heart Rate Interpretation System'' established by the National Institute of Child Health and Human Development [NICHD] ) and grouped as follows 25 : 
Data Acquisition and Signal Preprocessing
Fetal ECGs were collected using a scalp electrode and recorded with a STAN S21 or S31 monitor at 12-bit resolution and 500-Hz sampling rate. STAN generates an electronic file for each recording, and the R-R intervals were extracted from the stored STAN files by Neoventa Medical. As commonly done in heart rate analysis, the R-R interval data sets were transformed to a continuous signal by linear interpolation and the event series were resampled at the rate of 8 Hz.
Multifractal Analysis
To characterize FHR variability, multifractal analysis was applied to R-R interval time series over 10-minute time windows because this would correspond to the shortest time interval from decision to delivery that can be reasonably achieved in clinical practice. It was first applied to the last 10 minutes before delivery and then applied independently to 10-minute-long sliding windows over the last 120 minutes.
Six multifractal parameters, named C 1 , C 2 , h Max , h min , zeta(2) and zeta(-2), were extracted to form a concise descriptor set of the multifractal spectrum ( Figs. 1 and 2) . 14, 15 Roughly, the parameter C 1 can be viewed as the most common FHR variability within the analyzed window. This parameter is very close to the global variability assessed with visual analysis. An increase in C 1 indicates a decrease in variability. The parameter C 2 indicates how the variability departs from the C 1 value. A small C 2 denotes a variability that changes little over time. Conversely, a high C 2 indicates that portions of the signal can differ greatly in variability, compared with the typical C 1 value. The parameters h min and h Max correspond respectively to the largest and smallest variabilities that can be observed in the data.
To practically obtain C 1 and C 2 , it is necessary to compute a set of intermediate parameters zeta (q) (cf. Appendix for details). From these intermediate parameters, zeta(2) was retained as it can be theoretically related to Fourier analysis and spectrum estimation. 26 The larger zeta (2) is, the smaller the variability in the data is. Zeta(-2) was also included as multifractal analysis theoretically requires that both positive and negative q are used. To summarize, the larger the parameters are, the lower the variability is.
In the present study, multifractal analysis was based on wavelet Leader, a recent method introduced in an article by Wendt et al. 27 For more information, the reader is referred to the Appendix and to the reviews from Riedi and Jaffard.
14,15
Statistical Analysis Multifractal parameters are expressed as median and absolute median deviation computed over each group. The six multifractal parameters are statistically analyzed individually using the Wilcoxon rank sum tests and jointly using the Bonferroni-Holm standard procedure. Statistical significance for p values was set to p <0.05. 
RESULTS
Population Characteristics
Multifractal Properties
For practical use, we checked that the multifractal parameters are statistically consistent when the analyzing wavelet (Daubechies wavelets), the sampling frequency, the durations, and positions of the sliding windows vary. 28 This provided us with solid evidences in favor of the meaningfulness of the multifractal parameters measured and discussed here. One of the most important outcomes of this study consists of the determination of the window sizes relevant for multifractal analysis from 4 to 64 seconds.
Multifractal Analysis on the Last 10 Minutes before Delivery
A representative multifractal spectrum for each group is shown in Fig. 2 . Median values for multifractal parameters for each group are presented in Table 2 . Using the Wilcoxon rank sum test, all six parameters were found to be significantly different in groups A and C (all p 0.006) and when comparing groups B and C (p <0.05). Parameters systematically took higher values in the group of acidotic fetuses (group C). The standard Bonferroni-Holm procedure showed p as low as 0.02 for group C versus both group A and group B. Comparing group B with group A, C 1 was the only parameter to be significantly different (p <0.05). C 2 , h min , h Max , zeta(2), and zeta(-2) were not statistically different (p >0.05).
Multifractal Analysis on the Last 2 Hours before Delivery Using 10-Minute Sliding Windows
For each patient in the three groups, the six multifractal parameters were computed within consecutive 10-minute-long sliding windows during the last 2 hours before delivery. The evolution along time of the per group medians of these six parameters is displayed in Fig. 3 . For each 10-minute time window, each one of the six multifractal parameters was compared between groups B and C using the Wilcoxon rank sum test. Statistical significance is depicted in Fig. 3 . The parameters h min and zeta(2) are significantly different as early as 70 minutes before delivery. The parameters C 1 , h Max , and zeta(-2) were significantly different 30 minutes before delivery, whereas C 2 was different only in the last 10 minutes before delivery.
DISCUSSION
This study shows that parameters stemming from multifractal analysis of fetal ECG R-R intervals are different in fetuses developing acidosis during labor and nonacidotic fetuses. All six multifractal parameters tested in this study were significantly higher in fetuses with acidosis compared with fetuses with normal umbilical cord pH in the last 10 minutes before delivery, regardless of FHR pattern. Interestingly, the difference was significant as early as 70 minutes before delivery using the two parameters h min and zeta(2), which indicates that fetal metabolic acidosis might develop progressively or that the method can identify hypoxia preceding acidosis; C 2 was different only in the last 10 minutes, when acidosis is already present. As cases selected in this study exhibited progressive hypoxia, our results suggest that multifractal analysis should help identify both developing hypoxia and installed severe acidosis, with different parameters. Multifractal analysis has the strength to reach results consistent with previous studies about variability using other mathematical methods, such as the classical spectral analysis, and to provide additional information that could help in discriminating fetuses with acidosis from nonacidotic fetuses. 2, 7, 16, 18 Consistent with previous studies and physiopathologic mechanisms, the results of this study showed that variability is lower in the acidotic fetuses when compared with the nonacidotic fetuses as demonstrated by higher values of C 1 , h min , h Max , and zeta(2) in group C. 2, 7, 16, 18 Moreover, multifractal analysis focuses on characterizing the evolution of signal variability in a collection of windows of growing size, identified by the method itself according to the intrinsic data characteristics and not chosen a priori. Our results showed that windows of interest for multifractal analysis ranged from 4 to 64 seconds. This is interesting for two reasons. First, it contributes to justify and explain the limits of using short-and long-term variability to characterize variability of FHR, evaluating variability in 3.75 and 60 seconds, respectively, as described by Dawes et al. 29 Multifractal analysis demonstrated that relevant information is contained not only in these two extreme bounds (4 and 64 seconds) but in a continuum of time windows in between. This may explain why short-and long-term variability can provide relevant information during pregnancy when the fetal situation is rather stable but they are not efficient to identify compromised fetuses during labor, when metabolic conditions constantly and rapidly vary. During labor, we suggest that data from all the window sizes between 4 and 60 seconds should be considered to better characterize FHR variability and therefore oxygenation status. 11 Second, these windows from 4 to 64 seconds correspond to a frequency scale varying from 0.015 Hz to 1 Hz, which cover the frequency domains of adult heart rate. 8, 16 In spectral analysis, the low-frequency domain (from 0.04 to 0.15 Hz) mainly corresponds to the sympathetic activity. The high-frequency band (from 0.15 to 1 Hz) corresponds mainly to the parasympathetic activity. 8, 16 The low-to high-frequency ratio therefore reflects the balance between the sympathetic and the parasympathetic activities. [30] [31] [32] Studies from Siira et al and Salamalekis et al showed a predominant increase in the low-frequency domain and, therefore, a higher low-to high-frequency ratio in acidotic fetuses, consistent with the increase in sympathetic system activity induced by hypoxia. 16, 19, 31, 32 Interestingly, one of the multifractal parameter we studied (zeta(2)), which is related to low-to highfrequency ratio, also showed a predominant increase in sympathetic component when fetal acidosis developed. [31] [32] [33] One of the strengths of multifractal analysis is also to provide multiple parameters to explore signal variability, particularly for complex signals that can definitely not be appropriately described using only one parameter. 22, 23 We choose to limit the study to six parameters describing the multifractal spectrum, but the whole curve could be compared with an increased number of parameters (Fig. 1) . The promise of the multifractal approach is well illustrated in the comparison between groups A and B, both of which include cases with normal pH. Unlike the regular FHR evaluation, multifractal analysis showed that these two groups were similar. The parameter C 1 , which quantifies the global variability, was lower in group B than in group C. This is consistent with the reduction in variability commonly identified from visual analysis of the FHR patterns. However, the five other multifractal parameters (C 2 , h min , h Max , zeta(2), and zeta(-2)), which give more information about variability characteristics, were similar in both groups. These specific results highlight that the single quantitative analysis of global variability is not sufficient to predict fetal acidosis and that using other parameters that look deeper in the signal characteristics might better characterize the signal and help in acidosis diagnosis. Conversely, when comparing group B and group C, which exhibited very different fetus acid-base status (respectively, normal pH and severe acidosis), the six multifractal parameters were clearly different while all FHR patterns were pathological and very similar. Pathological FHR patterns represent the most difficult situation to deal with because they can be related to severe hypoxia and usually lead to operative delivery for suspected fetal distress. Therefore, multifractal analysis could be a relevant method to identify compromised fetuses, in addition to FHR patterns, and a promising tool to assist obstetricians in decision making, helping to reduce unnecessary operative deliveries.
From a technical perspective, multifractal analysis presents the advantage of a low computational cost, allowing easy real-time analysis, essential for fetal monitoring during labor. Moreover, new technologies now allow noninvasive acquisition of the beat-to-beat R-R interval with transabdominal ECG recording, with intact membranes and without any contraindications. Interestingly, these first results are promising even though the FHR signals were analyzed independently from uterine contractile activity, which is sometimes difficult to record because of maternal abdominal wall thickness or position during labor. And last, multifractal analysis should provide objective information, whatever the FHR patterns, limiting subjective observer interpretation. 34 
CONCLUSION
This study was able to identify multifractal parameters (h min and zeta (2) ) that differ in fetuses with and without developing acidosis during labor, whatever the FHR patterns, as early as 70 minutes before delivery, whereas the parameter C 2 is different only in the last 10 minutes when fetal acidosis is present. Further investigations are planned to confirm these experimental results on a large set of data. Therefore, we will investigate how multifractal parameters can be used, in addition to FHR, to discriminate fetuses according to the acid-base status by testing different classifier methods.
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APPENDIX
Multifractal Analysis
Multifractal analysis departs from, and hence enriches, the classical analysis of variability in two respects. First, multifractal analysis does not measure the variability in a time window of a priori chosen and fixed size, but insteadcomputes variability simultaneously over a collection of windows with different sizes. As a result, variability is not defined by the values measured within each window of different sizes but rather by the strength with which these values vary from one window size to another; strength actually measured via the so-called Hölder exponent h, which by definition is positive (Fig. 1) . When h is large, the variability is low and, conversely, a small value of h indicates a strong variability. Second, multifractal analysis does not intend to measure the Hölder exponent h(t) for each time position t but instead prefers a global description of how often a specific value of h is encountered in the data. This description is called the multifractal spectrum D(h). It consists of a bell-shaped curve, taking values between 0 and 1 that represent, qualitatively and heuristically, the frequency of occurrences of a given h in the data. A value of D(h) close to 1 indicates that the corresponding h is very likely to be observed in data; conversely, values of D(h) close to 0 corresponds to rare observations of the corresponding h. A representation of multifractal spectra computed on fetal heart rate time series is shown in Fig. 2 . Moreover, the multifractal analysis used in the present contribution does not rely on the use of oscillations, but instead is based on new quantities constructed from the discrete wavelet transform coefficients of the data and referred to as the wavelet Leaders, which have been recently shown to offer solid mathematical and efficient practical frameworks permitting robust, accurate, and rich analysis of the data variability, and also to reinforce mathematical arguments underlying the multifractal formalism. 14, 15, 26 Practically to obtain D(h) spectrum from data, intermediate quantities zeta(q), termed as the scaling exponents, are necessary. Indeed, in essence, multifractal analysis relies on the fact that the time average (denoted as < > ) of the q-th power of the wavelet Leaders computed from analyzing window of any arbitrary size ''a'' behave as a power law with respect to ''a'': < L_X(a) q > , % a zeta(q) . The scaling exponents zeta (q) can hence be measured from a linear regression in a log log diagram, performed over a range of window size ''a'' where the power law behavior holds. This is illustrated in Fig. 3 . Then, D(h) is obtained by applying a Legendre transform to the function zeta(q). Multifractal analysis hence characterizes the variability of data via both the bell-shaped curve D(h) or the scaling exponent function zeta(q). To compare multifractal spectra D(h) or scaling exponents zeta(q) of different signals, a limited number of multifractal parameters have been selected. We retained six of them, referred to as C1, C2, h min , h Max , zeta(2), and zeta(-2), illustrated in Fig. 1 and defined as follows. The parameter C1 corresponds to the value of h where D(h) is maximum. It can be read as the ''almost sure'' variability of the analyzed data. A decrease in C1 indicates an increase in variability. The parameter C2 corresponds to the width of D(h) around its maximum and indicates how widely the variability that can be measured in the data, can depart from the typical value C1. The larger C2 is, the larger the deviation from C1 will be. In other words, when C2 is small, the variability of the data is of the same order along time, whereas a high C2 indicates that portions of the signal are much more variable and that others are much less variable, compared to the typical C1 value. The parameters h min and h max correspond respectively to the largest and smallest variabilities that can be observed in the data. We choose to retain the parameter zeta (2) as it can be theoretically related to Fourier analysis and spectrum estimation. The larger that zeta (2) is, the weaker the variability in the data. Multifractal theory also states that the function zeta(q) needs to be computed for both positive and negative values of q. Therefore, we included zeta (-2) as a sixth mutlifractal parameter.
